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Multiple cyclic nucleotide phosphodiesterases in rat kidney
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Multiple cyclic nucleotide phosphodiesterases in rat kidney. Using
DEAE-celiulose chromatography and Agarose gel filtration we
have partially purified a low Km cyclic adenosine monophosphate
(AMP) phosphodiesterase from the 100,000 x g supernatant of rat
kidneys. The characteristics of this enzyme included a.Km of —4
MM, a pH optimum ofaround8.0and a requirement for magnesium.
This preparation should be suitable for investigation of possible ef-
fects of hormones, drugs and cellular constituents on the cyclic
AMP pathway through any direct effects on the low 1m enzyme.
We have also demonstrated a nonspecific, high K cyclic nucleotide
phosphodiesterase and possibly a specific cyclic guanosine mono-
phosphate (GMP) phosphodiesterase in the soluble fraction from
rat kidneys.
Multiplicité des phosphodiesterases du nucléotide cyclique dans le
rein de rat. Nous avons partiellement puriflé une phosphodiesterase
de l'AM P cyclique de Km faible a partir du surnageant 100,000 X g
de reins de rats traité par chromatographie sur DEAE cellulose et
gel filtration en agarose. Les caractéristiques de cet enzyme corn-
portent un Km de 4 MM. un pH optimum voisin de 8 et Ia presence
nécessaire de magnesium. Cette preparation devrait être utile pour
l'Ctude des effets possibles des hormones, des drogues et des con-
stituants cellulaires sur Ia voie de l'AMP cyclique par
l'intermédiaire des effets directs sur l'enzyme de Km faible. Nous
avons mis en evidence une phosphodiesterase de nucléotide cyclique,
non specifique, de Km élevC et peut-etre une phosphodiesterase
spdcifique du GMP cyclique dans Ia fraction soluble des reins de rat.
The actions on the kidney of vasopressin, para.
thormone and possibly other hormones are mediated
by adenosine-3',5'-monophosphate (cAMP) [1]. Al-
though guanosine-3',5'-monophosphate (cGMP) is
also found in mammalian kidneys and urine [2], the
normal function of this cyclic nucleotide in the kidney
has not been clearly shown. The tissue concentrations
of cyclic nucleotides are controlled not only by the
specific enzymes adenyl and guanyl cyclase, which
catalyze their synthesis, but by cyclic nucleotide
phosphodiesterases, which catalyze their inactivation
to 5'-AMP and 5'-GMP [3]. During the early years
after discovery of cAMP, evidence for only a single
phosphodiesterase was obtained mainly because as-
says were conducted only at millimolar levels of sub-
strate [4]. Over the past few years, considerable evi-
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dence has appeared that many tissues contain high and
low Km phosphodiesterases, which have different
physical properties, enzyme kinetic characteristics and
substrate specificities [3, 5—10]. The possibility that
hormones or drugs might produce their important ef-
fects on specific functions of target organs through al-
teration of the amount or properties of a phospho-
diesterase has been evaluated in several reports [3, 11—
14]. This question has usually been evaluated by test-
ing for the effect of the hormone or drug on hydrolysis
of cAMP by relatively crude tissue homogenates or
fractions. Earlier studies on this question were done at
high substrate concentrations, but more recently a
wide range (10-i to 10 M) of concentrations has been
employed. For instances of an effect on phospho-
diesterase activity by a hormone, it would be of con-
siderable interest to determine directly which form of
the enzyme is affected and whether the amount of en-
zyme or its intrinsic characteristics are altered [11]. Of
particular interest is the speculation that for some hor-
monal actions the so-called low Km enzyme(s) may be
the physiologically important regulator(s) of the cyclic
nucleotides, which are present in tissues at extremely
low (tiM) concentrations. Failure to find an effect when
assays are conducted at micromolar substrate concen-
trations does not rule out modulation of the low Km
enzyme, as such assays may still reflect only the high
Km enzyme, if it is present in large excess in crude
preparations.
As a basis for further studies on the regulation of
the cyclic nucleotide systems in the kidney, we investi-
gated the number of soluble phosphodiesterases
present in normal rat kidney; herein, we describe the
basic properties of a partially purified low Km cAMP
phosphodiesterase, which is suitable for study of pos-
sible regulatory effects of hormones, drugs and intra-
cellular constituents.
Methods
Sprague-Dawley rats of 250 to 400 g body wt were
anesthesized with ether. For removal of blood, the kid-
Phosphodiesterases in rat kidney 285
neys were isolated by ligatures and perfused via the
aorta with a 37°C solution containing, in mmoles/li-
ter, Na, 140; C1, 146.5; K, 5; 1.5; and Tris-
HCI, 10 (pH, 7.4). After perfusion one to four kidneys
were placed in an ice-cold solution of 10 mst 2-mer-
captoethanol in 10.9% sucrose. The kidney(s) was fine-
ly minced with a razor blade and homogenized with a
motor-driven glass-polytef (Teflon) homogenizer. Af-
ter centrifugation at 100,000 x g, the supernates were
diluted for direct enzyme studies or applied to gel or
ion-exchange columns.
Chromatography. We used 100 to 200 mesh Aga-
rose gel (Bio-Rad Laboratories) of 0.5 Mporosity. Un-
less otherwise stated, two columns were used in series,
each 2.5 cm in diameter with a total length of 175 cm.
Ion exchange celluloses used were CM-cellulose
(Schleicher & Schuell Co.) and DEAE-cellulose
(Whatman Biochemicals Ltd.). Buffers, gradients and
column size are indicated in individual experiments.
Fractions which were pooled for further study were
concentrated using a membrane (Amicon PM 10).
Phosphodiesterase assays. In assay I we used a
modification of the batch resin assay method of
Thompson and Appleman [6]. 3H-cAMP (24.1 c/
mmole) or 3H-cGMP (2.1 to 4.5 c/mmole) from New
England Nuclear was diluted when necessary with
"cold" cyclic nucleotides. The final concentrations
during enzyme assay (total volume, 0.4 ml) in
mmoles/liter were as follows: magnesium, 5.2 to 7.5;
Tris-HCI (pH, 7.8 to 8.2), 30 to 65; and other sub-
stances, as indicated for individual experiments. In-
cubation time (10 to 60 mm) and enzyme aliquots
were adjusted to keep substrate conversion under 30%,
beyond which velocity progressively diminished at low
(0.1 aiM) substrate concentrations. We found that the
blank in the assay was markedly increased at temper-
atures over 90°C, presumably due to exchange of triti-
urn with water. Since phosphodiesterases were com-
pletely inactivated by heating at 80°C for 60 sec, this
procedure was used with a lowering by as much as
two-thirds in the blank. A 100 zl aliquot of the super-
nate after heat inactivation of the assay-snake venom
mixture was mixed with 200 jzl of a 1:3 (vol/vol) water
slurry of AG-l-X2 (200 to 400 mesh, Bio-Rad Labo-
ratories), which had been thoroughly washed with
NaOH, HCI and water. The mixture was vortexed sev-
eral times during 15 mm of equilibration at room tem-
perature. After centrifugation an aliquot was added to
Insta-Gel and counted in a liquid scintillation spec-
trometer (Packard Tri-Carb).
Assay 2 was a modification of the method using
PEL-cellulose thin-layer chromatography to separate
labelled product from substrate as described pre-
viously [15]. For assay of cAMPase, plates were devel-
oped first with water, dried in room air and developed
again with 0.15 M LiCl. For assay of cGMPase, plates
were first developed with 0.4 M acetic acid, dried in
room air and developed again with 0.15 MLiCI. Elu-
tion of labelled substrate and products from the PEI-
cellulose with NaOH and radio-assay were as de-
scribed elsewhere [16]. During the course of these
studies we found that assay I underestimated the rate
of hydrolysis of cAMP and cGMP when compared to
the more rigorous but extremely time-consuming as-
say with PEI-cellulose thin-layers. The discrepancy
was especially pronounced when cGMPase was as-
sayed in crude preparations as indicated under Re-
sults. The ratio between the two assays was constant
(0.58/1.00) at all levels of cAMP hydrolysis with the
more purified materials; therefore, the contour of en-
zyme peaks in column effluents and Km values were
the same by the two methods. Because of the need for
speed (to minimize loss of activity) while locating en-
zyme peaks during gel filtration and column chro-
matography, we used assay 1 throughout except when
otherwise indicated. Units of enzyme activity are pico-
moles/minute per assay at 30°C.
Enzyme characterization. Total cAMPase activity
of the starting 100,000 x g supernatant was deter-
mined at 400 tiM cAMP. Purified, concentrated prepa-
rations were dialyzed against a 10 mM Tns-HC1 (pH,
7.8)/tO mrt mercaptoethanol buffer. The kinetic char-
acteristics of the purified enzyme were determined
over the range of the 1.0 to 50 LM substrate concentra-
tion.
For the pH studies, Tris base was titrated with HCI
to values ranging from 5.1 to 10.0. For the venom
stage, pH was readjusted to —8.0. Protein concentra-
tion was determined after precipitation and washing
with TCA on the starting material and directly on
more purified materials. Because of interference due
to mercaptoethanol, we used the modification devel-
oped by Geiger and Bessman [17] of the Lowry meth-
od for protein determination.
Results
In preliminary studies we found it necessary to
modify the method for preparation of soluble tissue
extracts as developed by Thompson and Appleman for
rat brain [6]. When whole kidneys were homogenized
in 10 mM mercaptoethanol in 10.9% sucrose, the pH
was 7.3. In contrast to the experience of Thompson
and Appleman with rat brain homogenates, we found
sizeable losses by precipitation of cAMPase activity
(assayed at 10 tiM substrate) when the pH of the crude
homogenate was adjusted to 6.0. The average loss due
to acidification was 44% in three studies. We, there-
fore, used the homogenate at pH 7.3.
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When a 100,000 x g supernatant from a rat kidney
homogenate was applied to a 1.5 x 94 cm column of
0.5 M Agarose gel large, irregular broad peaks were
obtained for hydrolysis of 0.1 iM cAMP (cAM Pase)
and 0.25 LM cGMP (cGMPase) with the cGMPase
peak clearly precedi9g the cAMPase peak. When two
columns, 2.5 x 87.5 cm each, of 0.5 M Agarose were
used, clearer evidence of multiple enzyme activities
was obtained. This separation technique was, there-
fore, used in the initial series of studies. As shown in
Fig. 1, when the extract was filtered using a buffer con-
taining 0.6 M NaCl, 10 m.t mercaptoethanol and 10
mri MgCI2 [8], a main cAMPase peak (cAMPase-Gel
II) as well as a distinct but variable leading shoulder
(cAM Pase-Gel I) and a trailing shoulder (cAM Pase-
Gel III) were found in eight such studies. A single ir-
regular or closely fused double peak of cGMPase ac-
0.8
0.6
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N
0.4
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Fig. 1. Filtration through 2.5 x 175 cm ofAgarose 0.5 M gel of the
100,000 x g supernatani (8 ml) from the homogenate of a whole rat
kidney. The eluting buffer contained 10 msi MgCI,, 10 msi 2-mer-
captoethanol, 10 mM Tris-HCI (pH, 7.8) and 600 mt NaCI. Enzyme
activity was measured with 0.1 jM cAMP(-O-)or 0.25 zM cGMP(—•—). Results for each fraction are expressed as ratios relative
to the fraction with peak activity. The void volume of the column
was 350 ml.
tivity clearly preceded the main cAMPase activity in
these studies. The cGMPase peak eluted in the same
position as the leading shoulder of cAMPase-Ge1 I ac-
tivity.
Because of the report by Schroeder and Rickenberg
[81 that the concentration of Mg in the eluting buf-
fer affected the enzyme profile, we conducted six addi-
tional gel filtration studies but with a Mg concentra-
tion at 1.0 m. Although the cAMPase-Gel I tended
to become more prominent and the trailing shoulder
(cAMPase-Gel III) smaller, these results were not
consistently obtained. The cGMPase peak remained
irregular and preceeded the cAMPase-Gel II peak.
In five of the above gel filtration studies, assays were
also performed with 100 sM cAMP as substrate. At
this higher concentration of cAMP, the largest peak
was the first one at an effluent volume of 440 to 460
ml, whereas the second peak at 510 to 530 ml was only
70% of the first peak. In the assays at the high cAMP
level the third peak was either extremely small or ab-
sent. These results suggested that the low Km cAMP-
ase was cAM Pase-Gel II, the main middle peak (as-
sayed at 0.1 ILM cAMP), which centered at an elution
volume of about 520 ml.
We next evaluated the question of whether the
cAMPase-Gel II in studies as illustrated in Fig. 1
would retain its elution position on rechromatography
or whether it would aggregrate into the larger form or
break down into the smaller form with time. We con-
centrated 85 ml around the peak of cAMPase-Gel II
off an 0.5 M Agarose gel column to 5.6 ml and repeat-
ed the filtration study. A single peak emerged, cen-
tered only one fraction (4 ml) away from its original
position with only small leading and trailing shoulders
of cAMPase activity.
To obtain additional purification of the low Km
cAMPase, we explored use of ion-exchange chroma-
tography. Two studies with CM-cellulose showed this
material to be unsuitable as neither cAMPase nor
cGMPase activity was retained even with low ionic
strength buffers. By contrast, virtually all cAMPase
and cGMPase activities were retained at low ionic
strength by a DEAE-cellulose column equilibrated
with 10 mri Tris-HC1, pH 7.8. The system of loading,
washing and gradient elution with NaCI, illustrated in
Fig. 2, proved to be most useful. Two distinctly sepa-
rated cAMPase and cGMPase peaks were seen in
each of five such studies. Also seen were inconsistent
shoulders on the trailing edge for cGMPase and on the
leading edge for cAMPase.
To test for substrate specificities, fractions from
DEAE-cellulose columns were tested with tracer sub-
strates alone (0.1 LM) or with tracer plus "cold"
cAMP or cGMP. Preliminary studies were done with
1.0
400 500 600
Effluent volume, ml
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fore, appears to represent an activity distinct from the
peaks found with 0.1 MM cAMP or cGMP as sub-
strates. Kinetic analysis of a pooi of tubes around this
region showed two components with extrapolated Km
values of 4 and 40 MM for cAMP.
To obtain better separation of activities with
DEAE-cellulose, we used larger columns and a larger
volume of the initial wash. Fig. 3 illustrates one of five
such studies. Our efforts were concentrated on sepa-
rating the cAMPases in further studies. In all such
studies a first broad shoulder emerged as the NaCL
concentration rose from 70 to 150 mri (cAMPase-DE
I), a second shoulder emerged between 150 and 200
mM (cAMPase-DE II) and a final peak was eluted by
200 to 250 mri NaC1 (cAMPase-DE III). The relative
sizes of cAMPase-De II and cAMPase-DE III peaks
were variable but were distinctly separated in four of
five studies.
To determine the correspondence between the
cAMPase peaks obtained by gel filtration and those in
the DEAE-cellulose effluents, crossover studies were
done. In the first of such studies, cAMPase-Gel II was
concentrated, desalted by dialysis and chromato-
graphed on DEAE-cellulose. The activity emerged in
the location of cAMPase-DE III. Conversely, when
the third peak (cAMPase-DE III) from a DEAE-cel-
lulose column was filtered through the gel columns, a
sharp peak emerged at 530 ml corresponding to
cAMPase-Gel II with only minute or absent leading
and trailing shoulders. When the most active fractions
of cAMPase-Gel II were concentrated and filtered a
second time, a single sharp peak was found, which had
only cAMPase activity (Fig. 4). ThUs, the cAMPase
10 20 30 40 50 60
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Fig. 2. Enzymeprofile of soluble phosphodiesterases obtained from
the 100,000 x g supernatant of a whole rat kidney homogenate. A
0.9 x 17 cm DEAE-cellulose column was loaded with 8 ml of ex-
tract followed by washing with 40 ml of buffer containing in
mmoles/liter. MgCI2, 1.0; 2-mercaptoethanol, 10; Tris-HCI, 10 (pH,
7.8); NaCI, 50; and 4-mi fractions were collected. A linear gradient
of NaCI from 50 to 500 m in the above buffer (150 ml in each res-
ervoir) was begun at fraction 10. The Na+ concentration was 170
mEq/liter at the cGMPase peak and 220 mEq/liter at the cAM Pase
peak.
added cold cAMP and cGMP ranging from 1.0 to
1,000 MM. Depression of counts per minute (cpm) in
products was seen at the 1.0 MM level and was propor-
tionally greater as the total concentration of cyclic nu-
cleotide was increased, being virtually total at 1,000
MM. A concentration of 100 MM was chosen for further
studies, as greatest specificity of inhibition was noted
at this level. When 3H-cAMP was the substrate in
such studies, the addition of cold cAMP in assays of
the cAMPase peak reduced cpm in products to virtu-
ally background level. The small residual peak was
displaced slightly to the left. In contrast, addition of
cold cGMP even at 1,000-fold excess produced only a
19% average decrease in conversion of 3H-cAMP into
labelled products. We also performed assays of ef-
fluents from such DEAE-cellulose columns at high to-
tal concentrations of cAMP and cGMP but increased
the size of effluent aliquots and extended the in-
cubation time to generate sufficient cpm in products
for accurate counting. The cAMP peak assayed at 100
MM concentration was located to the left (tube 40) of
the cAM Pase peak assayed at 0.1 MM substrate (tube
44). This probable high Km peak showed equal activity
for cGMP hydrolysis but did not exactly coincide with
the cGMPase peak (at tube 36). The position of the
two phosphodiesterase activities measured at 0.1 MM
substrate levels were highly reproducible (± one tube
from the position given above) in seven separate stud-
ies over a two-month period. The high Km peak, there-
.
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Fig. 3. Enzyme profile for cAMPases (assayed at 0.1 M CAMP) ob-
tained from the 100,000 x g supernatant from four rat kidneys. A
2.5 x 17 cm DEAE-cellulose column was loaded with 33 ml of ex-
tract followed by washing with 80 ml of the buffer described in Fig.
2, and 4-mi fractions were collected. A linear gradient (as used in
Fig. 2) of NaCI from 50 to 500 mEq/liter was begun at fraction 21.
The concentrations of Na (mEq/liter) were 150 at tube 48, 195 at
tube 57 and 230 at tube 63.
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Fig. 4. Second filtration through 2.5 x 175 cm ofAgarose 0.5 M gel
ofa soluble cAMPase den ved from the lO x gsupernatant of a ho-
mogenate of four rat kidneys. The crude material was first purified
by DEAE-cellulose chromatography as shown in Fig. 3. Fractions
61 to 68 from the DEAE-cellulose column were concentrated and
filtered through the Agarose column (as in Fig. I). The purest frac-
tions from the gel filtration were concentrated, filtered again
through Agarose and assayed with 0.1 M cAMP.
tentatively assumed to be the low Km form emerged
last from the DE-cellulose column and second from
the Agarose gel column.
Similar crossover studies indicated that the first
peak to elute from the gel (cAMPase-Gel I) corre-
sponded to the second peak off the DEAE-cellulose
(cAMPase-DE II). Finally, cAMPase-Gel III corre-
sponded to cAMPase-DE I. These findings can be
summarized as follows: cAMPase-Gel I cAMPase-
DE II, cAMPase-Gel II cAMPase-DE III and
cAMPase-Gel III cAMPase-DE I.
The changing positions in the two systems provided
a means to separate and substantially purify the low
Km cAMPase. Since the high Km cAMPase requires
Ca and a modulator for full activity [18, 19], we
avoided use of (NH4)2S04 or EDTA in our purifica-
tion procedures. As the first step in such purification
studies, the 100,000 x g supernatant from four rat
kidneys was adsorbed on a DEAE-cellulose column,
which was washed and eluted with the system shown in
Fig. 3. The advantages of beginning purification with
Fig. 5. Effect of variations in pH on cAMPase activity (3.3
cAMP) of a purified low Km preparation over the pH range 5.15 to
10.0.
the ion exchange system were that large volumes (33
to 43 ml) could be applied and that most other pro-
teins eluted before cAMPase-DE III. The peak tube
and trailing edge of cAMPase-DE III were pooled,
concentrated and filtered through the Agarose 0.5 M
double column. The purest (peak) tubes of this effluent
(cAMP-Gel II) were concentrated, dialyzed and used
for characterization of this enzyme.
Fig. 5 shows the effects of changing pH over the
range 5.1 to 10.0 on the purified, low Km cAMPase.
The use of pH -8 in the purification and enzyme
characterization studies was, thus, appropriate.
Fig. 6 shows that as with other phosphodiesterase
preparations, the enzyme requires The concen-
tration of magnesium which produced one-half of the
maximal stimulation was 70 ILM.
Fig. 7 shows a representative Michaelis-Menten
plot of kinetic studies over the cAMP concentration of
1 to 50 iLM. The derived Km values and data on protein
.
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Fig. 6. Effect of magnesium concentration on activity of a dialyzed,
pur(/ied low Km cA MPase (3.3 LM cAMP). In the absence of added
magnesium, the magnesium concentration of the assay mixture
measured by atomic absorption spectrophotometry was 2.7
imoles/liter. The point at the intersection of the axes represents an
assay with no added magnesium but with 0.1 mat EDTA.
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content of initial and final materials are given in Table
1 for five separate studies on this cAMPase, which
clearly is of the low Km type. With preparation D the
venom supernatants Jused with assay 1, yielding a Km
of 2.2, were also analyzed by the PEI-cellulose meth-
od, which yielded a Km of 2.5. The specific activities of
the final preparations varied widely. In the earlier
studies (A, B and C), large pools were made around
peaks in both stages of purifications, yielding more
protein but low specific activities, which range from
600 to 1750 U/mg of protein. When narrower pools
were taken (D and E), very high specific activities were
achieved—9,500 and 12,000 U/mg of protein. In study
D, assay 2 was applied as well, and as expected from
considerations given under Methods, it yielded a high-
er specific activity of 17,000 U/ml. These latter specif-
ic activities are higher than reported for low Km
cAMPase from any other tissue [9, 23]. The less pure
Table 1. Data for purified low K cAMPase
Preparation
Total protein, mg Km (jzmoles/li:er)
for cAMP'Initiala Final1'
A — 7.7 4.0
B 172 1.9 4.2
C 149 1.8 —
D 137 — 2.2
E 136 1.4 4.3
aAmount in 100,000 x g supernatant applied to the DE-cellulose
column.
bAmount in concentrated pool of peak activity from second stage
(Agarose column) of purification. The Km data were obtained using
the final material.
preparations, when tested for activity by assay 2, still
contained some cGMPase activity. The remarkable
consistency of the Km values over the wide range of
purity of the five preparations and the high specificity
for cAMP by the low Km enzyme indicate that a
greater degree of purification is not mandatory. If
higher purity is desired, a second passage through
Agarose gel will free the material of any residual
cGMPase activity.
Discussion
Using combinations of two different separation
techniques, gel filtration and ion-exchange chromatog-
raphy, we have confirmed the existence of multiple
soluble cyclic nucleotide phosphodiesterases in rat
kidneys. In terms of cAMPase activity, three separate
forms were found, which we have designated cAMP-
ase-Gel I, cAMPase-Gel II and cAMPase-Gel III
based on order of elution (and apparent molecular
size) during Agarose gel filtration. The cAMPase-Gel
I was predominent when assays were performed at the
higher (100 ,AI) substrate level and it also hydrolyzed
cGMP. Thus, it might more appropriately be termed a
cyclic nucleotide phosphodiesterase (cNPase), prob-
ably corresponding to the phosphodiesterase meas-
ured in the earliest studies [4], and to the high Km
cAMPase in more recent publications [5—10]. The pre-
cise Km for this form was not determined but prelimi-
nary results suggested that it is at least an order of
magnitude higher than that of cAMPase-Gel II.
Preliminary evidence suggested that cAMPase-Gel
II was the low Km enzyme reported by others to be
present in rat kidneys [5, 7]. This possibility was con-
firmed in five studies as shown in Table 1, in which Km
values for substantially purified material ranged from
2.2 to 4.3 iimoles/liter. By extrapolation from non-
linear double reciprocal plots in kinetic studies on a
crude extract of rat kidneys, Jard and Bernard [5] ob-
tained an average low Km for cAMPase of 2.7 in four
studies—remarkably similar to our results on a puri-
fied preparation. Thompson and Appleman obtained
an extrapolated Km of 4.65 iM for the smaller of two
cAMPases in one study in which partial purification
was achieved by consecutive gel filtration on 1.5 M
Agarose and Sephadex G-200 [7]. In contrast to
Thompson and Appleman's material, our preparation
showed no evidence of negative cooperativity. Possible
reasons for this difference include a higher degree of
purification in our studies, avoidance of low pH during
homogenization and omission of sonication, which we
found produces prohibitive heating (to 14 to 15°C),
when conducted for the times used by Thompson and
Appleman.
2.0
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Fig. 7. Double reciprocal plot for a dialyzed, purified low KmCAM
Pase. Substrate concentrations are in ,mo1es/liter. The Km derived
from the plot is 4.3 M.
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The pH optimum for the low Km cAMPase has not
previously been reported. Our curve, however, closely
resembles that found by several investigators in stud-
ies using high (0.1 to 2.0 mM) substrate concentrations
of cAMP [20,21]. It is of interest that intracellular pH
for many tissues is normally around 7.0. Small
changes in intracellular pH under pathological condi-
tions might, therefore, significantly alter tissue cAMP
concentrations through an effect on phosphodiesterase
activity.
Our previous studies on a crude enzyme fraction
from an analogous tissue, the urinary bladder of the
toad, indicated by use of EDTA that cAMP hydrolysis
(probably the cNPase form) had a strict requirement
for magnesium [22]. The present studies demonstrated
that the low Km cAMPase likewise has an absolute re-
quirement for magnesium.
The extent of purification of the low Km cAMPase
cannot be assessed by traditional methods of following
enzyme recovery using substrate levels (e.g., 40 M)
well above the Km of the enzyme as the activity in the
crude starting mixture would mainly reflect the con-
tent of the cNPase. A first approximation can be made
from our data of the fraction of the starting cAMPase
activity which is due to low Km cAMPase enzyme. The
final concentrated pool of purified enzyme preparation
C contained 1,750 U of cAMPase (based on the Vmax
of the double reciprocol plot and total protein). We
took about one-half of the total low Km cAMPase ac-
tivity off both the DEAE-cellulose and Agarose col-
umns. Allowing for 50% loss of enzyme activity over
the time of purification yields a calculated total low
Km cAMPase activity of 14,000 U in the initial
100,000 x g supernatant before purification. The low
Km cAMPase by this calculation contributed only
1.3% to the total cAMPase activity (assayed at 400 itM
cAMP on the day of homogenization) of 1,070,000 U
in the crude starting material. From calculations of
the complex double reciprocol plot of the cAMPase
content of a platelet homogenate, Amer and Mayol
estimated that 4.2% of total activity in their crude
preparation was due to the low Km cAMPase [9].
Further study will be required to determine how
many other soluble phosphodiesterases are present in
rat kidneys. The present studies show the existence of
a high Km, nonspecific cNPase, which appears to be of
higher molecular weight and is less strongly adsorbed
by the anion exchange resin than the low Km cAM-
Pase. A minor cAMPase of smaller molecular weight
than the low Km cAMPase, which we purified, was
present in small and highly variable amounts. Russell,
Terasaki and Appleman reported release of such a
small cAMPase by sonication of a liver particulate
fraction [23].
As our interest centers on hormones, drugs and ions
whose effects or transport are mediated by cAMP, we
did not attempt to definitively determine the number
of cGMPases in kidney extracts. Some of our data,
however, suggest that in addition to the cGMPase ac-
tivity of the high Km cNPase, another cGMPase activ-
ity may be present in rat kidney. In several studies
(data not shown) using 100,000 x g supernatants
which were either stored for several days at 4°C or fro-
zen and thawed before chromatography on DEAE-
cellulose, a large cGMPase peak (assayed at 0.1 tM
substrate) emerged at low NaC1 concentration and
these fractions contained no cAMPase activity (as-
sayed at 0.1 LM). The possible existence of a low Km
cGMPase deserves further study. Finally, character-
ization of particulate phosphodiesterase(s) by the
above methods, after solubilization, will be of interest
as some hormones (e.g., insulin) act on this type of en-
zyme [24].
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